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Summary. The number density and random motions of interstellar
H1 clouds have been studied using an entirely novel method
involving the comparison of the terminal velocities of H1 absorp-
tion spectra in the direction of Hu regions with their recombi-
nation line velocities. We confirm the conclusions of an earlier study
attributing these velocity differences mainly to the random
motions of the clouds. We also show that these motions are better
described in terms of two populations with quite different velocity
dispersions than by a single population with an exponential
distribution of velocities. The present analysis yields estimates of
the number densities and dispersions of n,=7.74+18kpc™!
06,=414+07kms™! for the “slow” clouds, and
n;=0.6+0.15kpc™ !, 6,=1524+3.2kms ™! for the “fast” clouds.
These values are compared with earlier estimates and the impli-
cations discussed. Itis concluded that the values for the slow clouds
are an improvement over earlier determinations, while those for
the population of fast clouds are underestimates because of
selection effects in the data used.

Key words: H1 clouds — statistics — anomalous motions — inter-
stellar matter

1. Introduction

The radial velocities of interstellar clouds do not conform strictly
to the predictions of the Schmidt model of galactic rotation. This is
because there are non-systematic or random motions in addition
to the systematic circular motions around the centre of the galaxy.
The magnitude of these random motions can in principle be
estimated by comparing the measured radial velocities with the
predicted radial velocities if the distances to the clouds somehow
be determined independently. While this is almost impossible in
practice for distant clouds in the galactic plane, a similar
comparison can be made with H1 absorption measurements
against background continuum sources with independent radial
velocity determinations. In such cases, one could compare the
radial velocity of the background continuum source with the
terminal velocity (corresponding to the greatest distance) of the H1
absorption spectrum of the source. If there were no random
motions, one would expect only the velocity difference corre-
sponding to the distance between the background source and the
H1 cloud nearest to, and in front of it; the magnitude of this
difference would depend on the galactic longitude.
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Fig. 1. (Taken from Shaver et al., 1982.) Histogram of the difference between the
H 109« velocity and that of the extreme H 1 absorption feature (corresponding to
the greatest distance) for 38 galactic Hu regions. The dashed line is the fit
obtained by Shaver et al. (1982) considering the dispersion of normal clouds
only; the solid line includes the effect of a small fraction of clouds with much
larger random motions

Shaver et al. (1982, hereinafter referred to as Paper I) have
made such a comparison. The recombination line velocity of each
of 38 Hu regions of known distance was compared with the
terminal velocity of its H1absorption spectrum (Table 1). Figure 1
shows a histogram of the velocity differences from Paper 1. Shaver
et al. (Paper I) found that in most (80%) of the cases, the velocity of
the H1 absorption feature corresponds paradoxically to a greater
distance than that of the Hu region. They have argued that this
cannot be explained as due to random motions of H 1 regions, or
streaming of ionized gas of the Hu region away from the parent
molecular cloud. The authors have sought an explanation for the
distribution of the observed AV (the difference between the
recombination line velocity and extreme H1 velocity) in terms of
the random motions of the absorbing H1 clouds themselves. They
showed that the observed anomaly is simply a consequence of such
random motions, and that in these cases the values of 4V must
provide lower limits to such motions. On account of these motions,
some clouds will appear to be beyond the H i1 region as illustrated
in Fig. 2.

From many attempts to fit the histogram (Fig. 1) in terms of the
random motions of H1 clouds, it was concluded (Paper I) that the
histogram can be fitted in its entirety only on the assumption that
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Table 1. Parameters for the 38 Hu regions®

Source AV Distance? (dv/dr)
G Optical kms™! Tmax  KPC kms 'kpc~?!
206.5—16.4 NGC2024 + 3.7 53 0.5 10.8
209.0—19.4 Orion + 83 1.05 0.5 114
2431404 RCW 16 + 14 >0.7 42 12.5
265.1+1.5 RCW 36 + 20 3.5 0.6 6.1
268.0—1.1 RCW 38 + 53 43 0.6 6.6
2740—1.1 RCW 42 -3 ~1.2 6.1 11.8
282.0—1.2 — 24 ~1.0 6.6 11.3
284.3—0.3 RCW 49 + 47 ~3.0 6.0 9.5
298.2—-0.3 — 24 ~2.5 11.7 134
2989—-0.4 + 0.8 ~1.5 11.5 13.6
322.240.6 RCW 92 + 4.2 ~23 3.7 —135
326.6+0.6 Nebulosity + 25 ~1.0 3.2 —14.6
327.3-0.6 RCW97 + 0.7 29 35 —14.6
3309-04 + 6.9 >0.9 42 —15.0
3322—-04 + 1 ~1.6 4.1 —15.0
333.1-04 — 09 22 4.1 —-150
333.6—-0.2 Nebulosity +21.7 ~1.2 3.7 —15.5
336.5—1.5 RCW 108 + 1.1 ~23 2.1 —125
3379-0.5 +19.6 ~0.3 3.5 —14.6
338.9+0.6 -1 >1.2 5.2 —159
340.8—1.0 RCW 110 + 32 ~1.6 2.5 —11.5
3454—-09 RCW 117 +10.5 1.5 5.0 —11.0
3454+14 Nebulosity + 94 ~12 1.9 — 86
348.7—1.0 RCW 122 + 272 0.2 2.0 —125
351.440.7 NGC 6334 + 18 1.5 0.7 — 47
351.7—-1.2 +16.5 35 2.6 — 9.6
353.140.7 NGC 6357 + 09 ~1.6 1.0 — 338
353.2+0.9 NGC 6357 + 7.2 ~1.0 1.0 — 338
6.0—1.2 M8 +124 0.44 1.0 35
12.8—0.2 0.0 29 4.6 11.2
15.0-0.7 M17 + 4.6 ~14 2.3 9.2
16.9+0.7 M16 — 50 13 2.7 9.9
254—-0.2 + 60 0.2 4.7 15.6
28.8+3.5 RCW 174 + 6.5 2.5 0.1 12.6
30.8—-0.0 + 49 1.3 7.0 6.2
34.3+0.1 + 2.1 >1.2 3.8 14.3
352—-1.8 — 22 35 34 14.5
111.5+0.8 S158 + 14 - 49 —123

*  See Shaver et al. (1982) for references
b
H 109« line

¢ T.ax is the optical depth of the extreme H1 absorption feature
4 Distances are based on recombination line velocity
Computed near the H1 region

e

there are two populations of H1 clouds; the standard clouds easily
seen in absorption and characterised by a gaussian velocity
distribution with ¢ ~5kms~! (“slow”), and a smaller population
with a much larger o (“fast”). They also noted that while the
dispersion of the slow clouds cannot be very different from the
assumed value (o~S5kms~!) there was considerable room
(15-40km s~ ') for varying the velocity dispersion and the number
density of the fast population; when one was increased, the other
had to be decreased to get a good fit to the histogram of Fig. 1.

AV is positive when the H1 velocity corresponds to a greater distance than that of the

In the simple analysis in Paper I, average values for the velocity
gradients and number densities were implicitly assumed. In this
paper we reanalyse the same data assuming only the general
conclusion of Paper I, namely that there are two populations of H1
clouds. In the next section we investigate the effect of random
motions and number densities of H1 clouds on the expected
velocity differences by taking into account the velocity gradient
and distance of each individual H i1 region. In Sect. ITI, we estimate
the number densities and dispersion of random motions of the two
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Fig. 2. Shematic representation of radial velocity of H1 clouds (unfilled blobs)
lying along the line of sight to an H n region. The hatched curve represents the H1
absorption spectrum in that direction. Note that the true order in distance of the
clouds is replaced by their order in velocity in the absorption spectrum due to
their random motions (arrows)

populations of H1 clouds from a least squares fit to the observed
velocity differences AV. We also try a fit with a single exponential
distribution of random velocities for the H1 clouds, and show that
even on the basis of this limited sample the two population
hypothesis is to be preferred. Finally the implications of these
results are discussed in Sect. IV.

IL Effect of velocity gradients, distances and random motions
on Hi terminal velocities

The influence of random motions on the velocity differences AV
depends on the position of the H1I region in the galactic disk as
explained below. Consider for example an H 11 region in a direction
close to that of the galactic centre for wich the radial velocity
gradient |dv/dr| will be very small. In such a situation, and in the
absence of random motions, most of the clouds along the line of
sight to the H i region will have nearly the same velocity as the Hit
region itself. Given random motions, then in principle nearly half
of these clouds can have velocities corresponding to a greater
distance than the H i1 region. If the distance to the H 1 region were
increased, then the number of clouds which could masquerade as
being more distant than the H 11 region will increase. On the other
hand, if the velocity gradient is very large, only a few clouds will
have systematic velocities close to that of the H i region; but if the
random velocities are large enough, then some of these clouds
could have velocities corresponding to a greater distance than the
Hu region. In such a situation, increasing the distance to the Hu
region will have a negligible effect on the number of clouds which
could appear as being more distant. In other words. a small |dv/dr|
coupled with a large distance is what is required for a clear
manifestation of the random motions in this fashion.

We will now illustrate this effect with a few real cases taken
from the sample of 38 H 11 regions. Following Paper I, consider N
H 1 clouds along the line of sight to an H 11 region. Let the velocity
AV of the i Hicloud be governed by a Gaussian distribution with
mean A4V, and standard deviation o. 4V is the systematic velocity
difference between the H 1 region and the cloud. The probability
distribution of 4V,,,, corresponding to the terminal velocity of the
spectrum is then given by

N N AV jax
PAVi) = 2 l:pi(AVmax_AI/i)n ) pj(AV'—AVj)dAV’], 1)
i=1 j*i

j*i —©
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where

1

(AV —AV)= ——exp[—(4V —A4V))*/2¢6%].
Pl ) o/ p[—( )7/267]
Equation (1) is derived by assuming that any one of the clouds has
a velocity 4V,,, and the remainder have smaller velocities.
Suppose now there are N, slow clouds characterised by a
dispersion o, and N fast clouds with a dispersion of o,. The
over-all probability distribution of 4V,,,, which we shall call 4Vis
then given by

Ns Ns (4 Ny 4V
PAV)= 3 [psin{_f pujdA V’}kljl 1 ppdd V']

i=1 j=i

Ny Ny (av N, 4v
+‘21 [pfi l;[{f psida V’}kl'll § PsdeV/], @)
i= jFi(~o =1 —

where

Pu=Pu(AV — AV)= ——==exp[—(4V — 4V /2071,

1
or)/2m

and

1
o)/2n

The N, slow clouds and N, fast clouds are assumed to be
distributed uniformly but at random along the line of sight to the
H n region. Then depending on its position, the systematic velocity
difference AV; for each cloud is given by the Schmidt model of
galactic rotation. We derive in the Appendix a probability
distribution Eq. (A2) for 4V corresponding to Eq. (2) above, but
taking full account of the distance and velocity gradient for each
source. We show there that this is given by the convolution of a
“window” function for each source with the probability distri-
bution of peculiar velocities. Figures 3 and 4 show the probability
distribution functions P(4V) computed for 6 of the H regions
taken from Table 1, using the Eq. (A2).

The figures marked al, a2, a3 show P(4V) computed using
N,=7.7d (where d is the distance to the source in kpc),
o,=4.1kms™* and N ;=0 (only slow clouds); the figures marked
b1, b2, b3 show P(4V) computed using the same values of N and
o, but with N,=0.6d and o,=152kms™" (both slow and fast
clouds). The choice of these numbers is explained in Sect. ITI. The
figures marked c1, ¢2, ¢3 show the window functions (1/|dv/dr|) as a
function of velocity, and the arrows indicate the observed A4V for
the respective sources. G248.3-0.3 in Fig. 4is an example ofan H11
region outside the solar circle for which the window function has a
step at the solar circle velocity (see Appendix).

It is clearly seen in these figures that we cannot account for the
high positive 4V cases without introducing the second population
of fast clouds with a high o. It is also seen that dv/dr and the
distances to the individual sources have in fact the expected effects
on the probability distribution P(4V). The distributions and in
particular their tails shift to more positive AV values as the area
under the window function increases. For example, G348.7-1.0,
G351.7-1.2 and G284.3-0.3, all of which have smalll values of
|dv/dr| and are at relatively large distance, have a long tail
extending out to 4V =30kms ™!, whereas G353.2+0.9 although
it has a small |dv/dr|, has a very low probability for high positive
AV due to its small distance. On the other hand, G333.6-0.2 hasa
large |dv/dr| but still has a tail in the distribution due to its large
distance, and in fact the observed AV for this sourceis 21.7kms 1.

Pyi=P{AV —AV)= exp[—(4V —4V)*/20%] .
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5 @2 €2 Fig. 3. The overall probability distributions of 4V
o for different H it regions. (al), (a2), (a3) are the
. distributions computed assuming that only slow
5 S L 20 L ° clouds are present along the line of sight; (b1), (b2),
o.3f (b3) show the effect on the distribution of
€333.6-0.2 including fast clouds. (cl), (c2), (c3) are the window
d=3.7kpc . .
0.2} functions for the respective sources and represent
(a3) (b3) (c3) the probability distribution of systematic velocity
o.l} for each cloud along the line of sight, according to
l the Schmidt model (see Appendix). The arrrows
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For G206.5-16.4, the addition of fast clouds has a negligible effect
on the P(4V) distribution due to its small distance and large
|dv/dr|.

It should be pointed out here that P(4V) is only a probability
distribution and therefore the presence of a long tail extending to
large positive 4V’s does not require that for these sources the
observed AV should necessarily be large. The presence of a long
tail shows that there is a finite probability of observing a large
positive AV, and for those sources for which the tail is absent the
probability of observing a large positive 4V is extremely small. We
have examined these probability distributions for all the 38 Hu

regions in Table 1 and find that for all those cases in which high
positive AV’s are observed, the distributions indeed have long tails
as for G348.7-1.0 and G333.6-0.2 in Fig. 3. For six of the sources
for which the observed 4V is negative, the distribution extends to
negative AV’s. It may be noted that for several sources the
expected distribution is practically restricted to positive 4¥’s only.

It is clear that these tests confirm the conclusions drawn in
paper I where the sample was treated as homogeneous. It ap-
pears established that the random motions of H1 clouds and their
number densities manifest themselves in the observed differences
between recombination line velocities and the velocities of the
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Velocity Cloud Dispersion Number p2a
distribution population or scale length density
kms™?* kpc!
2 Gaussian Slow 41+0.7 7.7+1.8 455
Fast 152432 0.6+0.15 ’
Exponential Single 4.4+0.6 63+14 722

®

Indicates goodness of fit (see Appendix)

Number of HII regions
Y

+9 +13 17 +21 425 +29 +33
AV kms™!

-3 +1 +5

Fig. 5. The composite probability distribution for 4V obtained by adding the
individual probability distributions for the 38 Hn regions in the histogram,
computed using the best fit values of the cloud parameters (Table 2). The full
curve is the distribution computed using both slow and fast clouds. In the dashed
curve the effect of fast clouds has been removed; the parameters for the slow
clouds are as in Table 2. The dashed and dotted curve is the distribution
computed using an exponential distribution of random velocities. Note that the
curves are drawn with their peak values normalized to the peak of the histogram

terminal H1absorption features. We can now ask how much more
information we can get about these properties from the observed
velocity differences in Table 1.

II1. The number density and velocity dispersion of H1 clouds

It was shown in Paper I and further confirmed from the tests
described in Sect. IT above that we need two populations of H1
clouds with different random motions and number densities to
account for the histogram of Fig. 1. If we assume that these two
populations of H1clouds are randomly distributed throughout the
Galaxy, we can then estimate the number densities (n, and n,) and
velocity dispersions (o, and o) from the observed 4V’s alone, to
the accuracy permitted by the limited number in the sample.
Consider n slow clouds per kpc along the line of sight toan Hno
region with random motions characterised by a Gaussian disper-
sion g, and n; fast clouds per kpc with a dispersion o . Then the
probability of observing a velocity difference AV is given by
Eq. (A2) in which N;=dn and N ,=dn, where d is the distance to
the source in kpc. If 4V,, AV,...AV;4 are the observed velocity
differences for the 38 H 1 regions, then the individual probabilities

of observing these differences are P,(4V;), P,(4V,)...P35(4V3s).
The joint probability of observing these velocity differences is

38
P= igl P{4V). 3)

We have maximised the quantity P by varying the four parameters
ng, 05, n, and o, in an iterative procedure and obtained the best fit
values. These values along with their errors and a measure of the
goodness of fit are given in Table 2. (The estimation of errors and
goodness of fit are discussed in Sect. IT of the Appendix.) These
were the values of the four parameters that were used in the tests
described in Sect. II. Figure 5 shows the resulting predicted
probability distribution (full line) for the histogram computed
using these parameters; the dashed line is the probability distri-
bution computed using only one population of (slow) clouds
(n,=0). It can be seen that as noted in Paper I, the positive 4V side
of the histogram, including its long tail, requires the presence of the
second population of fast clouds to give a good fit.

It is interesting that the inability of a single gaussian to fit the
peculiar motions of interstellar clouds was noted even in the
earliest study such as that of Blaauw (1952) who analysed the
measurements of Adams (1949) to determine the distribution of
radial motions. He concluded that the high radial velocities
observed for many clouds could be better accounted for by an
exponential distribution of velocities for interstellar clouds. Both
for the sake of completeness and for its appeal of simplicity, we
have also considered here the possibility of a single population of
clouds with an exponential distribution of velocities accounting
for the observed high velocity differences shown in Table 1.

Consider again n clouds per kpc distributed randomly along
the line of sight to an H i region. Let the random velocity of each
cloud be described by an exponential probability function of the
form

Ran(4V —AV)=Aexp(—|4V —4V|/n) @

where 7 is the scale length of the distribution. As before, AV
represents the difference between the velocity of the H i region and
the cloud. The velocity distribution functions can be obtained in a
similar fashion using Eq.(A1). Using these the probabilities
P,(4V,), By(4V,)...Pyg(4V35) can be obtained from Eq.(A2) by
replacing N, by nd (d is the distance to H1 region in kpc), and
setting N ,=0.

We have again maximized the joint probability P [Eq. (3)] in
an iterative procedure by varying the parameters n and 7. The best
fit values of these parameters along with their errors and goodness
of fit are given in Table 2. We have also shown in Fig. 5 the total
probability distribution for the histogram computed on this basis
(dots and dashes).
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It can be seen both from Fig. 5 and from the goodness of fit
values that the exponential distribution of radial velocities of a
single population of H1 clouds does not account for the observed
velocity differences as well as the two-population hypothesis
described earlier. It should be noted however, that the curves in
Fig. 5 are a much poorer indication of the agreement between
observation and prediction than the goodness of fit values. The
latter represent a more stringent test involving the agreement in
each individual case, as opposed to the general agreement with the
total distribution of AV values in Fig. 5. Since it would be
unwarranted at this stage to introduce more complicated distri-
butions, we conclude from our analysis that the observed velocity
differences in Table 1 can be best accounted for by two popu-
lations of H1 clouds characterised by the number densities and
velocity dispersions listed in Table 2.

1V. Discussion

We discuss below separately the characteristics of slow and fast
clouds obtained from the above analysis.

Slow clouds

The slow clouds fall into the category of standard clouds very
easily seen in 21 cm absorption studies and discussed by Rad-
hakrishnan and Goss (1972). Our value for the slow cloud number
density of 7.7+ 1.8kpc™! is about 3 times that (2.5-3kpc™!)
estimated from a statistical analysis of the Parkes 21 cm absorp-
tion survey (see Radhakrishnan and Goss, 1972 and references
therein). It may seem intriguing at the outset that different number
densities are obtained from two analyses of essentially the same
data, since most of the H1 absorption measurements of Table 1
were also taken from the Parkes survey (see Paper I). However, the
statistical analysis of Radhakrishnan and Goss (1972) suffered
severely from blending of absorption features in velocity space as
was noted by them.

If the number density of slow clouds is as high as indicated by
the present analysis, then we may expect considerable blending of
features in any H1 absorption measurements irrespective of the
velocity resolution used. Further, as discussed and emphasised by
Radhakrishnan and Srinivasan (1980, hereafter R&S), the esti-
mates from optical observations have always been even higher,
typically 10-20kpc~!. It is to be expected therefore that a
Gaussian analysis of the H1 profiles would yield a smaller number
density than the true value. In the present analysis of the
differences in the velocity of the recombination line and that of the
extreme H1 absorption feature, we are working in a special region
of velocity space where such blending is unlikely or very small.
We therefore believe that our number density for the slow clouds is
more accurate than earlier determinations.

While the velocity dispersion for the slow clouds obtained by
us is in reasonable agreement with earlier determinations, it
happens to be the smallest yet. The value of o,is 4.1+ 0.7kms ™! as
given in Table 2, whereas earlier estimates for it have been
somewhat higher; for example, Crovisier (1978) obtained
5.74+0.9kms ™! (see that paper also for a discussion of previous
determinations). Crovisier points out the difficulty of discriminat-
ing between a gaussian and an exponential distribution from his
sample, and notes the presence of higher-velocity features the
inclusion of which suggests the tail of an exponential. While
choosing a gaussian distribution obtained by excluding these

features, Crovisier in fact suggested that these higher-velocity
clouds may belong to another population.

Ifthere are really two populations, then it is only to be expected
that the dispersion obtained by treating the data as belonging to a
single population will tend to be higher through contamination of
the sample. Radhakrishnan and Sarma (1980, hereafter RS) quote
adispersion of 4.8 +0.2km s~ ! based on a Gaussian analysis of the
H1 absorption profile towards Sgr A, and which refers to the slow
clouds only. In spite of the errors in these various determinations,
the trend is seen to be consistent with the two-population
hypothesis. It must be mentioned that in the present analysis we
have not explicitly considered the random motions of the Hu
regions themselves. However, these motions, if they are significant
and uncorrelated with those of H1 clouds, will reflect in our value
of o,. In such a case the dispersion estimated by us for the slow
clouds will have to be reduced further; in any case, it may be
considered an upper limit to the dispersions of both the slow
clouds and Hu regions. Further as discussed in Paper I, the
marked asymmetry of the AV distribution shows that the Hu
region dispersion cannot be larger than that of the slow clouds;
this is because the contribution of the H 11 region dispersion to the
distribution has to be symmetric about 4V =0.

Fast clouds

As noted in Paper I, independent evidence indicating the presence
of two populations of H1clouds has in fact been obtained from an
investigation of the H1 absorption spectrum towards the galactic
centre, a direction free in principle of galactic rotation effects (RS
and R&S). R&S have also discussed even earlier evidence in the
work of Routly and Spitzer (1952) and Siluk and Silk (1974)
suggesting the existence of more than one population of inter-
stellar clouds. From an analysis of the H1 absorption spectrum
measured towards the galactic centre using the Parkes inter-
ferometer RS claimed the existence of a low optical depth, high
dispersion (o ~35kms~!) component in this direction. On the
basis of this result R&S proposed a two population picture of H1
clouds. An attempt made by Schwarz et al. (1982) to verify the
results of RS using the Westerbork Synthesis Radio Telescope led
to their conluding that any high dispersion (6 ~35kms™!) low
optical depth feature towards the galactic centre is less than
one-third that claimed by RS. In spite of this gross discrepancy it
seems to us, in view of the analysis in Sect. III (of the data presented
in Paper I), that there do exist H1 clouds with velocity dispersion
much larger than 4-5kms~! estimated for the standard clouds.
Further, there are also other observations indicating large peculiar
motions of H1 clouds, e.g., Silvergate and Terzian (1978) and
Shaver et al. (1981). It would appear that the real question is
regarding the estimate of the number density and velocity
dispersion of such clouds and not of their existence. The accuracy
of our estimates are of course subject to selection effects and the
small sample used.

We tentatively identify the fast clouds with the high random
velocity “shocked clouds” discussed by R&S. But our number
densities and dispersions for them, listed in Table 2 are substanti-
ally lower than the values suggested by R&S; n,~15-20kpc™!
and o,~35kms™". The discrepancies are in fact so large that
either one or both estimates of each quantity are severely in error,
or they do not refer to the same set of clouds. We discuss below a
possible selection effect which could simultaneously explain the
discrepancy in both the number density and the dispersion of these
fast clouds.
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There are a number of good reasons to believe that whatever
mechanism accelerates the fast clouds — e.g. supernova shocks —
will also heat and partially evaporate them (McKee and Ostriker
1977). Both the reduction in mass and increase in temperature will
thus contribute to reducing the H 1 optical depth of the fast clouds.
As discussed by R&S, there is also observational evidence
supporting the correlation of high peculiar velocities with higher
temperatures and lower optical depths in the measurements of
Dickey et al. (1978). As a direct result, any absorption survey will
select only a fraction of the fast clouds whose optical depths (and
corresponding mean speeds) are within the sensitivity limits of the
survey.

The lowest optical depth of the features listed in Table 1 is 0.2,
and the distribution of their optical depths indicates a sharp
sensitivity cut-off around t~0.3. The median optical depth for the
fast clouds is expected to be of the order of 0.1 or less (R&S). If the
number of fast clouds as a function of their optical depth follows
an exponential law as is true for the slow clouds (Clark, 1965;
Radhakrishnan and Goss, 1972), or falls more steeply as suggested
by Crovisier (1981), then we should expect only a very small
fraction (e 3~ 1/20) of the fast clouds to appear in the data of
Table 1. This is in reasonable agreement with the ratio of 0.6 kpc ™!
found here, to 15-20kpc ™! suggested by R&S.

The cut-off in peculiar velocity as a result of the same selection
effect is not as easy to estimate because of the lack of a detailed
theory relating cloud acceleration by shocks to their resultant H1
optical depths. Even so, given that there exists a correlation of
peculiar velocities with optical depth, it seems to us that the
reduction in the observed dispersion (15/35~40%) is not at all
surprising for a sample of the optically thickest 5% of the total
population of fast clouds. It should be noted that given a sensitivity
cut-off, it would in general make it harder to distinguish between
two gaussians and a single exponential for the total velocity
distribution of the clouds. This has presumably contributed to the
choice of an exponential distribution in some earlier analyses. In
the present case, however, goodness of fit tests, particularly on the
tail of the histogram reject a single exponential distribution with
more than 95% confidence.

V. Conclusions

We have made an analysis of the differences between the terminal
velocities of H1 absorption spectra in the direction of 38 Hu
regions of known distance, and their recombination line velocities.
The analysis has demonstrated that it can provide estimates of the
number densities and random velocity dispersions of interstellar
H1 clouds. The novel method used here has the advantage of
operating in a region of velocity space free of the blending effects
which plague other types of analysis of similar observations in the
galactic plane. The significance of the results obtained is however
somewhat limited by the size of the sample. Even so the results
support a two-population picture for galactic H1 clouds. The
values obtained here describing the population of slower and
optically thicker clouds are believed to be better than other
previous estimates. On the other hand, the number density and
dispersion for the population of fast clouds are clearly underesti-
mates because of a selection effect due to a sensitivity cut-off.
While it can be shown that the present and previous estimates
for the numbers describing the fast clouds can be reconciled in
terms of the selection effect, the overall uncertainties would not
warrant an attempt to correct for it. If more sensitive Hi
absorption measurements could be obtained near the terminal
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velocities of the spectra of even the present limited sample of
sources, the parameters of the fast clouds could be well established.
It would therefore be of value to carry out such measurements
which we predict will reveal a number of low optical depth (r <0.1)
features located beyond the terminal velocities in the present data.

Acknowledgements. We thank Rajaram Nityananda and Ramesh
Narayan for numerous discussions and helpful suggestions on the
method of analysis. We also thank J. Crovisier for useful
comments.

Appendix
1. The distribution of cloud velocities

Consider a line of sight to an H11 region along which the rate of
change of radial velocity with distance (dv/dr) is a constant (the
radial velocity increases or decreases linearly with distance). Then
given a random distribution of N clouds along this line of sight,
each of the clouds will have an equal probability of having any
systematic velocity between 0 and the velocity of the H1I region
(Va)- Weignore here large scale density fluctuations such as spiral
arms, interarm regions, etc. Then, for each of the clouds the
probability distribution of systematic velocity is a rectangular
(window) function extending from 0 to the velocity of the Hn
region.

The 38 Hu regions in Paper I were selected all to lie either
much nearer than the tangential point or beyond the solar circle
(otherwise 4V values of both signs can occur even in the absence of
random motions). Dickey and Benson (1982) have recently
observed one of these 38 H 11 regions (G25.4-0.2) and suggest that
itis at the far kinematic distance. If this is true then this source will
not meet the above criteria. However, the inclusion of this source
in our sample will not seriously alter the derived statistics owing to
its small AV value.

If an Hu region is outside the solar circle, the systematic
velocity range for the H1 clouds is from the tangential point
velocity (Vrp) to the velocity of the Hu region; but each of the
clouds will have twice the probability of having any systematic
velocity between 0 and the tangential point velocity. Therefore the
probability distribution is a step function, the step being at the
solar circle, viz. at a systematic velocity of 0.

Given a systematic velocity, the true velocity of the cloud will
be given by a Gaussian probability distribution function of
dispersion ¢ centred on this systematic velocity. Clearly, the
overall probability distribution for the velocity of any cloud is the
convolution of the systematic velocity distribution and the
random velocity distribution.

Mathematically, for any cloud the total probability distri-
bution for the velocity difference between the H 1 region and it is
given by

pT(A V) = DPsys *Dran = _j psys(A V,)pran(A V-4 V,)dA V. (Al)

D:an 18 the random velocity distribution given by

Pean(AV —AV)= exp —(4V —AV")/262.

1
a)/2n
Dsys i8 the systematic velocity distribution (the window function)
obtained as described below.
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Fig. 6. Typical probability distribution (the window function) of systematic
velocity with respect to the H mregion of any cloud lying along the line of sight to
it. The one with a step is for an Hn region outside the solar circle

In general, dv/dr varies as a function of distance (therefore as a
function of velocity) and equal intervals in velocity space will not
have equal probabilities. The probability of a cloud having a
certain systematic velocity, and thus the number of clouds, will be
inversely proportional to |dv/dr| at that velocity.

According to the Schmidt model of galactic rotation, 1/|dv/dr|
varies smoothly as a function of distance (therefore as a function of
velocity) except near the tangential point. If we ignore a small
stretch near the tangential point, then the probability distribution
function can be approximated by a trapezoidal window function.
Some typical window functions are illustrated in Fig. 6. The one
with a step is for an H1 region outside the solar circle.

The probability distribution of AV for each of the clouds is then
given by the convolution of a trapezoidal window function such as
shown in Fig. 6, with the Gaussian probability distribution of
peculiar velocities. If py, is the total probability function for slow
clouds computed in this fashion, and py, is the total probability
function of the fast clouds, then the Eq.(2) for the overall
probability distribution of 4V can be written as

P(AV)=N,py PY: ™' PY{ + N pr: PR ' P, (A2)

where

©
Prp= -“ stdAV/

—

Pr= ) predAV’.
— o0

Equation (A2) can now be used for computing the probability
distribution of 4V for individual H 11 regions. As noted earlier, if
random motions of H1 clouds are the origin of their apparently
anomalous distances, we would expect a finnite probability of
finding large positive AV values for those H1 regions which are
distant and have a small |dv/dr| along the line of sight. In other
words, large positive values of 4V can occur for those sources for
which the window functions are of large widths or heights or both.

It should however be pointed out here that the exact proba-
bility distribution will depend on the number density and o of the
two populations. In the extreme case of very large number density
and o, there is always a high probability of large AV values
irrespective of dv/dr and distance. But given reasonable number
densities, and ¢ of the order indicated in Paper I, we show in the
text that the probability functions for AV in individual cases do
indeed depend on the window functions.

2. Goodness of fit and estimation of errors

To obtain the best fit values of the parameters n,, 6, n,, and o, (or
n and 7 for the exponential distribution) which correspond to the
maximum value of the joint probability P [Eq.(3)] we have
minimized the quantity

38
—logP= 3 —logFk(4V). (A3)
i=1

The expectation value of —logP, for the i H region is given by
{—logB)= | (—logB)RdAV

and its variance is given by

@

o= | (—logP—{—logP))*BdAV.

—

We define

2 N 3 272
V2= % (—logE—<—logR))*/oy, (A4)

N—-K =1
where N — K is the number of degrees of freedom left after fitting K
parameters to N data points (N =38).

The quantity ¥2 can be considered as a measure of goodness of
fit and similar to the conventional 2. For a good fit the value of ¥2
must be close to N. The value of ¥2? computed using the best fit
values for the two-gaussian and a single exponential distribution
of velocities of H1 clouds is given in Table 2.

The parameters ny, 6, n; and o, (n and # for the exponential
distribution) of the fit using the maximum likelihood method [of
maximizing the joint probability P, Eq. (3)] are not independent.
The variation of —logP [Eq. (A3)] as a function of one of the
parameters depends on how well the other parameters have been
fitted. We have estimated the errors in each of the parameters
assuming that the variation of —log P is parabolic, at least near its
minimum, and taking into account the correlation between these
variations with respect to different parameters. The errors quoted
in Table 2 correspond to one standard deviation.
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